Background. Data regarding invasive pulmonary aspergillosis (IPA) following respiratory viral infections (RVIs) in patients with leukemia and/or hematopoietic stem cell transplantation (LHSCT) are limited.
Respiratory viruses such as influenza virus (INF), respiratory syncytial virus (RSV), and parainfluenza virus (PIV) have emerged as major causes of morbidity and mortality among immunocompromised patients with leukemia, especially those who have undergone hematopoietic stem cell transplantation (HSCT) [1, 2] . Although bacterial pneumonias have been well described following respiratory viral infection (RVI) in this patient population [3] , invasive pulmonary aspergillosis (IPA) as a superinfection has been described sporadically [4] . We conducted a case-control study of post-RVI IPA in patients with leukemia and/or HSCT (LHSCT) to determine the impact of prior RVIs on IPA outcome.
PATIENTS AND METHODS

Study Design
We conducted a retrospective case-control study in all consecutive adult patients (age, >18 years) with LHSCT who developed culture-documented IPA (proven or probable according to European Organisation for Research and Treatment of Cancer Mycoses Study Group criteria) [5] , and B), RSV, or PIV types 1-3, followed by IPA up to 6 weeks after RVI. We excluded patients with documented IPA preceding RVI. Controls were those who had culturedocumented IPA without prior RVI. Patients with probable IPA diagnosed on the basis of Aspergillus galactomannan detection were not included because this biomarker can cross-react with other hyalohyphomycoses, such as Fusarium species [6] , further contributing to data heterogeneity. RVI patients who had IPA and a bacterial lung infection were excluded.
Detailed epidemiologic, clinical, microbiological, treatment, and outcome data were collected from patient records, using a standardized case report form. The study was approved by The University of Texas MD Anderson Cancer Center Institutional Review Board.
Definitions
RVIs were confirmed by laboratory detection of INF, RSV, or PIV infection by culture of nasal wash or swab specimens, real-time polymerase chain reaction (PCR) analysis of bronchoalveolar lavage (BAL) specimens, respiratory virus culture, or direct fluorescent antibody testing. Viral primary lower respiratory tract infection was defined as the presence of new-onset cough, fever, or hypoxia (arterial oxygen saturation, <90% in ambient air) with typical radiologic (chest radiography or computed tomography [CT]) findings consistent with an interstitial pattern of pneumonia, along with identification of RVI in upper or lower respiratory secretions. Post-RVI IPA was defined as sputum, BAL (or bronchial wash), or tissue biopsy specimen cultures positive for Aspergillus species identified within 6 weeks after RVI.
Features of chronic or recurrent graft-versus-host disease presenting within 100 days after HSCT [7] and prior exposure to antifungal drugs within 6 months before IPA diagnosis were noted. Treatments for IPA included mold-active triazole alone or combined with an echinocandin and liposomal amphotericin B alone or combined with echinocandin or a mold-active triazole. Antimicrobial agents prescribed ≤3 months before IPA were noted.
The 42-day crude mortality rate was defined as death from any cause within 42 days of IPA diagnosis. For additional definitions, see the Supplementary Materials.
Laboratory Methods
Symptomatic patients had RVI diagnosed by analysis of nasal wash or BAL specimens; RSV and INF were detected using the direct immunofluorescence antigen method, and PIV was detected using the shell vial cultures technique. For culture and identification, the R-mix respiratory panel was used (Diagnostic Hybrids, Athens, OH). Multiplex PCR assays (BioFire Diagnostics, Salt Lake, UT) were initiated in our institution in 2014 and were used to detect the presence of ≥1 infecting respiratory virus in respiratory tract specimens. For additional laboratory methods, see the Supplementary Materials.
Statistical Analysis
Categorical variables were compared using the χ 2 or Fisher exact test, as appropriate. Continuous variables were compared using the Kruskal-Wallis test (for 3-group comparisons) and the Wilcoxon rank sum test (for 2-group comparisons). A logistic regression model was used to evaluate the independent effect of RVIs on 42-day mortality. See additional information in the Supplementary Materials.
RESULTS
Patients
Detailed patient characteristics and risk factors for both groups are shown in Table 1 ). There were no significant differences in the prevalence of lymphopenia (defined as an absolute neutrophil count of <500 neutrophils/μL), including severe lymphopenia (defined as an absolute neutrophil count of <100 neutrophils/μL), at IPA diagnosis between cases and controls. No differences were observed in serum immunoglobulin G hypogammaglobulinemia between the 2 groups (Table 1) .
IPA Severity
The need for hospital admission at or after IPA diagnosis was more common in cases than in controls (11 [20%] vs 14 [10%]; P = .05; Table 2 ). However, the need for intensive care unit admission and for mechanical ventilation at or within a week of IPA, as well as the sequential organ failure assessment score at intensive care unit admission, did not differ between the 2 groups. Similarly, the 42-day crude mortality rate did not differ between cases and controls (12 [22%] and 39 [27%], respectively; P = .45; Table 2] ).
Laboratory and Radiographic Studies
Reverse-transcription PCR was used to detect 16 All patients had abnormal chest radiography findings at presentation. CT of the chest at presentation was performed for (Table 2) .
Seasonal Distribution of Post-RVI IPA
All patients were grouped into 4 seasonal groups, and distributions of IPA and post-RVI IPAs were recorded by season ( Figure 1) . Percentages of IPA detected in controls during winter, spring, summer, and autumn were 21%, 23%, 25%, and 31%, respectively, and percentages of post-RVI IPA detected in cases were 26%, 28%, 20%, and 26%, respectively. Some differences by RVI type were apparent. Specifically, IPA in cases with RSV infection was more severe and occurred at a younger median age (53 years, compared with 58 years for those with INF infection and 60 years for those with PIV infection), compared with IPA in cases with other RVIs. Those infected with RSV also had more-severe clinical symptoms than those with other RVIs, with dyspnea in 6 cases (55%), bilateral infiltrates in 5 (45%), median lowest saturated oxygen of 94% (range, 50%-99%), supplemental oxygen needed in 9 (82%), median sequential organ failure assessment score at intensive care unit admission of 14 (range, 12-16), and mechanical ventilation needed in 5 (45%; Supplementary Table 1) .
The overall post-RVI IPA incidence density for the period studied (2006-2016) was 14.8 events per 100 000 case-days (95% confidence interval, 11.2-19.4). Crude 42-day mortality rates were 21% for post-INF IPA, 14% for post-PIV IPA, and 45% for post-RSV IPA (P = .13; Supplementary Table 2) . Post-RSV IPA crude 42-day mortality rates were higher (5 [45%]), compared with that for IPA following INF or PIV (13%; P = .05).
Multivariable Analysis of 42-Day Mortality Risk Factors
Independent predictors of 42-day mortality in cases and controls were mechanical ventilation (16.45 [95%, confidence interval, 6.59-41.06]; P < .0001) and an absolute lymphocyte count of ≤100 lymphocytes/µL (5.45 [95% confidence interval, 2.24-13.27]; P < .001). RVI before IPA had no significant impact on the mortality (P = .41).
DISCUSSION
Herein, we described the largest contemporary series of post-RVI IPA in patients with LHSCT. Post-RVI IPA followed the typical seasonal fluctuations in the activity of each virus. We found that IPA uncommonly complicated RVIs, especially in allogeneic HSCT recipients, even >100 days after engraftment, emphasizing the vulnerability of these patients to infections for an extended period. In fact, because we used a stringent, culture-based diagnosis of IPA, it is possible that we , by season, during the period studied. IPA percentages in winter, spring, summer, and autumn were 21%, 23%, 25%, and 31%, respectively, and percentages of post-RVI IPA were 26%, 28%, 20%, and 26%, respectively.
underestimated the frequency of post-RVI IPA, given that IPA is increasingly diagnosed using biomarkers [8] . Most of our cases were not neutropenic, and half were in hematologic remission. Therefore, traditional risk factors of IPA, such as severe neutropenia or relapsed leukemia, were not present in cases who underwent LHSCT and had post-RVI IPA, suggesting that virus-related immunosuppression (eg, breakdown of bronchial mucosa, disruption of mucociliary clearance, and secretion of interleukins) occurred in this population. Although INF is the most frequently reported virus in post-RVI IPA [9] [10] [11] , we found that RVIs caused by both PIV and RSV also frequently preceded IPA in cases who underwent LHSCT. In fact, PIV was the leading virus in our cohort (followed by INF), which might reflect the period of PIV circulation, which typically extends to half of the year. Despite the higher incidence of PIV, we found no significant 42-day mortality among PIV-infected cases with IPA. During the PIV circulation period, in which direct damage to the respiratory epithelium ensues after PIV replication [12] , even a low inoculum of airborne conidia could lead to IPA [13] . PIV type 3 was the most commonly isolated virus in our cohort, similar to other studies that have documented a high occurrence of PIV type 3 infection in HSCT recipients [2, 14] . Although the severity of IPA for each type of virus was similar, most cases who died by day 42 had RSV infection. More cases infected with RSV than with PIV or INF had underlying diabetes and low IgG gamma globulin levels at IPA diagnosis. The median time to diagnosis of IPA after RVI was only 7 days (range, 1-42 days), and a quarter of those diagnoses occurred during the index RVI diagnosis day. Similarly, other studies highlighted the important role of diagnosing IPA coinfection early, even within 2 days, especially among critically ill patients with INF [4, 10, 11] or during the index admission with RVI infection [15] .
Another interesting finding in our study was that post-RVI IPA 42-day mortality rates did not differ between cases and controls. Most cases had received mold-active triazoles before the IPA diagnosis, and together with the timely administration of the antiviral drug, this could explain the absence of excess mortality. However, the factors found to be independently associated with increased 42-day mortality rates were severe lymphopenia at the onset of IPA and the need for mechanical ventilation. Severe lymphopenia may reflect a more severe RVI and shedding, and this was previously reported as a significant risk factor for the requirement of mechanical ventilation and death in HSCT recipients infected with seasonal INF or RSV [16, 17] .
Despite its case-control design, our study had several limitations. It was a single-institution, retrospective study that spanned a decade, and controls could not be perfectly matched with cases because of the heterogeneity of the 2 groups. The change in laboratory techniques used to diagnose RVI, from direct fluorescent antibody testing to molecular testing, is another limitation. In addition, the possibility of misclassification error exists as is unclear whether all the cases were classified as having lower respiratory tract viral infection had viral pneumonia. Unique epidemiologic factors of IPA in our institution, specifically the predominance of non-fumigatus Aspergillus species, the patterns of antifungal prophylaxis, and the lack of a uniform approach to diagnosis and treatment of IPA over the 10 years of the study, limit extrapolation to other institutions. Also, the strict culture-based definition of IPA used in our study could represent an underestimation of the true frequency of IPA. A bias toward diagnosis of RVI on the basis of culture for most of our cases (70%), rather than on the basis of PCR-based approaches, could also contribute to a partial underestimation of the overall RVI incidence. However, some cases with mild viral symptoms may not have sought medical attention, and, thus, their infections may have resolved on their own, which may also have contributed to selection bias. Because a significant proportion of cases had IPA diagnosed on the same day that RVI was diagnosed, the possibility of occult preexisting IPA exists in some cases, although the high rates of early coinfection are in agreement with other literature reports [4, 10, 11, 15] . Also, comparisons between the relatively small numbers of different respiratory viruses could be sensitive to small fluctuations, raising concerns about the accuracy and, thus, the usefulness of the data. We cannot extrapolate our findings to other immunosuppressed hosts such as solid organ transplantation recipients or patients in the intensive care unit who had a prior RVI [18] . Finally, we provide no attributable mortality data.
In conclusion, our results show that the risk for IPA following RVI in patients who underwent LHSCT should not be underestimated, especially in those who underwent allogeneic HSCT, and this diagnosis should be considered even in nonneutropenic patients who are in hematologic remission. Not only INF A/B but also PIV and RSV lung infection could precede IPA. Since IPA as a complication of RVI has not been well described in patients who underwent HSCT, a high index of suspicion is needed because IPA can develop early, even within a week after the index RVI diagnosis. Prior active triazole and prompt empirical antifungal therapy might decrease mortality rates in such patients. Nevertheless, IPA that followed RVI had comparable outcomes to IPA alone. Future multicenter registries of post-RVI IPA would be useful to better elucidate the natural history of this emerging entity and the optimal management strategies.
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